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THE AMES M-50 HELIUM TUNNEL 

Joseph H .  Kemp, Jr. 

A m e s  Research Center  

SUMMARY 

A conventional type wind tunnel  capable o f  producing u l t r a -h igh  Mach 
number (40 o r  g r e a t e r )  flows a t  u n i t  Reynolds numbers from 20,000 t o  32,000 
p e r  c m  (50,000 t o  80,000 p e r  inch) has been developed and b u i l t  a t  t h e  Ames 
Research Center .  A d e s c r i p t i o n  of  t h i s  f a c i l i t y ,  known as t h e  A m e s  M-50 
helium tunnel ,  and t h e  r e s u l t s  of c a l i b r a t i o n  t e s t s  are presented .  Included 
i n  the  t e s t  r e s u l t s  a r e  p i t o t - p r e s s u r e  and to t a l - t empera tu re  surveys of  t h e  
nozz le  flow; the  p i t o t - p r e s s u r e  surveys were made us ing  two d i f f e r e n t  t h r o a t  
s e c t i o n s  i n  t h e  nozzle  designed t o  provide t e s t  Mach numbers of 40 and 50. 
The Mach number 50 t h r o a t  experienced thermal stresses s u f f i c i e n t l y  high t o  
cause p l a s t i c  deformation. These deformations caused v a r i a t i o n s  i n  Mach 
number from run t o  run which rendered t h e  nozz le  unsu i t ab le  as a research  
t o o l .  However, t he  Mach number 40 t h r o a t  was found t o  provide a s t a b l e  t e s t  
core ,  10.16 c m  (4 inches)  i n  diameter and 25.40 cm (10 inches)  long i n  which 
p i t o t - p r e s s u r e  v a r i a t i o n s  were l e s s  than +_5 pe rcen t  g iv ing  Mach number va r i a -  
t i o n s  l e s s  than t 1 . 8  pe rcen t .  Furthermore, t e s t s  on t h e  Mach number 40 
nozz le  i n d i c a t e  a uniform to ta l - tempera ture  d i s t r i b u t i o n  through t h e  t e s t  
core .  

INTRODUCTION 

In  o rde r  t o  experimental ly  i n v e s t i g a t e  problems a s soc ia t ed  with super-  
o r b i t a l  e n t r y  i n t o  p l ane ta ry  atmospheres it i s  d e s i r a b l e  t o  have f a c i l i t i e s  
capable of producing u l t r a -h igh  Mach number (40 and g r e a t e r )  flows a t  
Reynolds numbers on t h e  o r d e r  of l o 5  t o  l o 6 .  
number condi t ions can be  obta ined  i n  a convent ional  type  wind tunnel  us ing  
hea ted  helium as a tes t  gas .  Such a f a c i l i t y  can b e  designed t o  have long 
run times and t o  ope ra t e  with reasonably low s t a g n a t i o n  temperatures ( l e s s  
than 1111" K (2000° R)) thus  lending i t s e l f  t o  t h e  use  of  conventional t e s t -  
i ng  techniques.  Furthermore, t h e  p r o p e r t i e s  of  idea l -gas  helium flow i n  such 
a tunnel  a r e  w e l l  def ined  and, consequently,  t e s t  r e s u l t s  would b e  amenable 
t o  t h e o r e t i c a l  c o r r e l a t i o n s .  Thus , t h i s  f a c i l i t y  could b e  a p a r t i c u l a r l y  
use fu l  t oo l  f o r  s tudying  viscous e f f e c t s  c h a r a c t e r i s t i c  of  high Mach number 
f lows.  

These Mach number and Reynolds 

A f a c i l i t y  of  t h i s  type  has  been developed a t  t h e  Ames  Research Center .  
The f a c i l i t y  was designed t o  opera te  at  Mach numbers o f  40 and 50, and 
Reynolds numbers compatible with e n t r y  condi t ions  f o r  l u n a r  and p l ane ta ry  
missions.  A d e s c r i p t i o n  o f  t h i s  f a c i l i t y  and i t s  a s soc ia t ed  equipment i s  
given i n  t h i s  r e p o r t  along with the  r e s u l t s  of  flow c a l i b r a t i o n  t e s t s .  



DESCRIPTION OF FACILITY 

The Ames M-50 helium tunnel  shown i n  f i g u r e s  1, 2,  and 3 i s  a blowdown 
type wi th  an open test  s e c t i o n .  I t  i s  designed t o  ope ra t e  with helium as t h e  
t e s t  gas at  temperatures  t o  1089" K (1960' R) and r e s e r v o i r  pressures  t o  
680 atm (10,000 p s i a ) .  The nozzle  i s  a contoured, axisymmetric type with two 
in te rchangeable  t h r o a t  s e c t i o n s ,  one designed t o  provide a nominal Mach num- 
b e r  of  40 (Mach 40 t h r o a t )  and one designed t o  provide  a nominal Mach number 
of 50 (Mach 50 t h r o a t ) .  A steam e j e c t o r  system maintains  t h e  back p res su re  a t  
less than 0.0034 atm (0.05 p s i a ) .  The helium i s  recovered from the  steam 
e j e c t o r  system, p u r i f i e d  and re turned  t o  s t o r a g e  f o r  f u r t h e r  use.  
t i m e  i s  l imi t ed  by t h e  power supply f o r  t h e  h e a t e r  and v a r i e s  from 3 t o  
20 minutes,  depending on t h e  power requi red .  

The run 

Heater 

An e l e c t r i c a l  r e s i s t ance - type  h e a t e r  shown i n  f i g u r e  4 i s  used t o  ra ise  
t h e  gas temperature s u f f i c i e n t l y  high t o  prevent  condensation o f  t h e  helium 
flow i n  t h e  t es t  s e c t i o n .  
0.794 cm (5/16 i n . )  0.d.  by 0.0764 cm (0.030 i n . )  wall Inconel-600 tubes .  The 
flow i s  cons t ra ined  s o  t h a t  i t  e n t e r s  a t  one end o f  t h e  h e a t e r ,  flows toward 
t h e  o t h e r  end next  t o  t h e  o u t e r  s t r u c t u r a l  wall then back between an i n n e r  
s h e l l  and an o u t e r  s h e l l ,  and f i n a l l y  through t h e  r e s i s t a n c e  tubing where t h e  
h e a t i n g  of  t h e  gas occurs .  This flow p a t t e r n  provides  continuous cool ing o f  
t h e  o u t e r  p re s su re  s h e l l  o f  t h e  h e a t e r .  

The hea t ing  elements are formed o f  t h i r t y - s i x  

The h e a t e r  i s  capable of  ope ra t ing  a t  tube  temperatures of about 1333O K 
(2400O R); it i s  equipped wi th  a remote manual con t ro l  f o r  r egu la t ing  t h e  
power output  up t o  2 MW which is  s u f f i c i e n t  t o  h e a t  t h e  t es t  gas ,  a t  t h e  
maximum mass flow o f  0 .91  kg (2 lb )  p e r  second, t o  1089O K (1960O R). 

Pressure Con t ro l l e r  

The s t agna t ion  p res su re  i n  t h e  tunnel  may b e  c o n t r o l l e d  e i t h e r  manually 
o r  by a closed-loop se rvo  system. 
t i o n  pressure1  t o  wi th in  1 pe rcen t  of  any p r e s e t  va lue  between 68 and 680 a t m  
(1,000 and 10,000 p s i a )  by a ramp-type inc rease  i n  p re s su re .  
requi red  t o  e s t a b l i s h  t h e  p re s su re  i s  20 t o  60 sec depending on t h e  des i r ed  
ope ra t ing  p res su re .  
con t ro l l ed  t o  wi th in  + 1 / 2  pe rcen t  of  t h e  ope ra t ing  p res su re .  

The servo  system e s t a b l i s h e s  the  s tagna-  

The t i m e  

Once the  p re s su re  i s  e s t a b l i s h e d  t h e  f luc tua t ions  are 

- - -- - - - _ _  ._ 

lUnder p re sen t  ope ra t ing  condi t ions the  p re s su re  i s  measured i n  t h e  back 
o f  t h e  h e a t e r  n e a r  t h e  p o i n t  where t h e  gas e n t e r s .  However, r e s u l t s  from t h e  
i n i t i a l  check out  of  t h e  f a c i l i t y  i n d i c a t e  t h a t  t h e  d i f f e rence  between t h e  
p re s su re  a t  t h i s  p o i n t  and t h e  p re s su re  a t  t h e  nozz le  en t rance  i s  always less 
than 0.068 atm (1  p s i a )  f o r  t h e  s t e a d y - s t a t e  t es t  condi t ions .  
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Nozzle 

For t h e  supersonic  po r t ion  of t he  nozzle  a t h e o r e t i c a l  i n v i s c i d  core 
was obtained by a method-of-character is t ics  s o l u t i o n  developed by 
Harvard Lomax and Harry E .  Bailey a t  Ames Research Center .  A boundary-layer 
co r rec t ion  w a s  then obta ined  assuming an a d i a b a t i c  wal l  and using a computer 
program based on t h e  method of  Persch and Lee (ref.  1 ) .  This  program was 
developed by Robert L.  McKenzie a t  Ames Research Center .  I n i t i a l  core and 
boundary- l aye r  p r o p e r t i e s  were obtained from numerical ca l cu la t ions  f o r  a 
design s t agna t ion  p res su re  o f  680 atm (10,000 p s i a )  and a 30.5 c m  (12 i n . )  
diameter t e s t  core.  The r e s u l t s  o f  t hese  c a l c u l a t i o n s  are presented  i n  f i g -  
ure 5 showing the  uniform tes t  core ,  t he  boundary-layer th ickness ,  6 ,  and t h e  
boundary-layer displacement thickness  , 6*. From these  ca l cu la t ions  it was 
ev ident  t h a t  f o r  a f u l l y  contoured nozzle ,  t h e  boundary l a y e r  would b e  
extremely th i ck  r e l a t i v e  t o  the  core s i z e .  Furthermore, i t  was recognized 
t h a t  the  computed boundary-layer cor rec t ions  could e a s i l y  be  i n  e r r o r  s i n c e  
these  computations represented  a very l a r g e  ex t r apo la t ion  of  a v a i l a b l e  
information.  Consequently, i n  an e f f o r t  t o  reduce t h e  e f f e c t  of poss ib l e  
e r r o r s ,  t he  nozzle  was terminated s h o r t  of t h e  f u l l y  contoured length ,  a t  t h e  
p o i n t  where t h e  uniform core diameter was 10.16 cm (4 i n . ) .  A t  t h i s  p o i n t  t h e  
nozzle  rad ius  was about 35.56 cm (14 i n . )  with the  boundary-layer th ickness  
approximately 1 . 5  times t h e  i n v i s c i d  core r a d i u s .  

The subsonic  po r t ion  of  t h e  nozzle  (see i n s e r t  o f  f i g .  5) was a 27" 
hal f -angle  conic  s e c t i o n  f a i r e d  t o  t h e  supersonic  po r t ion  by a quadra t i c  
equat ion t h a t  matched the  r a d i u s ,  t he  s lope ,  and t h e  curva ture  a t  the  
junc t ion  po in t .  

A f u l l  nozzle  with the  t h e o r e t i c a l  contour f o r  a Mach number 50 core was 
b u i l t  s o  t h a t  t h e  t h r o a t  s e c t i o n ,  up t o  30.5 cm (12 i n . )  i n t o  the  supersonic  
reg ion ,  could be removed. A second t h r o a t  s e c t i o n  was b u i l t  us ing t h e  t h e o r e t -  
i c a l  contour f o r  a Mach number 40 core .  Moving the  t h r o a t  2.032 cm (0 .8 i n . )  
downstream, and inc reas ing  the  t h r o a t  rad ius  (see i n s e r t  o f  f i g .  5) made i t  
poss ib l e  t o  match t h i s  t h r o a t  s e c t i o n  t o  the  Mach 50 nozz le .  The r e s u l t i n g  
nozzle  shape with the  Mach 40 t h r o a t  i n s e r t e d  was very c lose  t o  the  theo re t -  
i ca l  contour f o r  Mach number 40 f o r  t he  e n t i r e  length  of t he  nozzle .  Except 
f o r  the  change i n  the  core Mach number, t he  ca l cu la t ed  flow d i s t r i b u t i o n  f o r  
t h e  nozzle  with the  Mach 40 t h r o a t  i s  near ly  t h e  same as t h a t  presented  f o r  
t he  Mach 50 t h r o a t  shown i n  f i g u r e  5 .  

A sketch of a t h r o a t  s e c t i o n  i s  shown i n  f i g u r e  6 .  The t h r o a t  s e c t i o n s  
are b u i l t  from 410 s t a i n l e s s  s t e e l  and a r e  equipped wi th  a h e a t i n g  c o i l  
around the  ou t s ide  s o  t h a t  they may be  hea ted  be fo re  t h e  run. The reasons 
f o r  prehea t ing  t h e  nozz le  t h r o a t  a r e  : 

1. To reduce t h e  h e a t  transfer t o  t h e  walls i n  t h e  subsonic  and lower 
supersonic  po r t ion  of  t h e  nozz le ,  thus reducing p o s s i b l e  temperature 
grad ien ts  i n  the  tes t  core .  

2 .  To reduce t h e  thermal expansion a t  t h e  nozz le  t h r o a t  during a run,  
thus reducing t h e  v a r i a t i o n s  i n  tes t  core c h a r a c t e r i s t i c s  wi th  t i m e .  

3 



3 .  To provide a more uniform temperature  d i s t r i b u t i o n  i n  t h e  nozzle  
wall .  This w i l l  reduce t h e  thermal stress a t  t h e  t h r o a t  and consequently 
reduce the  p o s s i b i l i t y  t h a t  p l a s t i c  deformation w i l l  occur .  

I t  was ca l cu la t ed  t h a t  a temperature d i f f e r e n c e  o f  222" K (400" R) between 
the  inne r  and o u t e r  walls would cause a thermal stress of  over  551 MN/m2 
(80,000 p s i ) .  
(1200" t o  1600" R) i n  t h i s  reg ion ,  d i f f e rences  o f  222" K (400" R) o r  g r e a t e r  
could e a s i l y  occur  i f  no p r i o r  hea t ing  were app l i ed .  Hence it was imperat ive 
t h a t  t h e  thermal stresses b e  reduced s i n c e  stresses of  t h i s  magnitude would 
cause p l a s t i c  deformation which would change tunnel  flow c h a r a c t e r i s t i c s .  

S ince  i n n e r  wall temperatures t y p i c a l l y  reach 666" t o  888" K 

Boundary-Layer I n j e c t o r  System 

An i n j e c t o r  system s imilar  t o  t h a t  descr ibed  i n  re ference  2 i s  used t o  
increase  momentum i n  t h e  tunnel  boundary l a y e r  f o r  t h e  purpose of  prevent ing  
dis turbances c rea t ed  by the  model and d i f f u s e r  from feeding upstream and 
pe r tu rb ing  t h e  i n v i s c i d  flow. This i n j e c t o r  system, shown i n  f i g u r e  7,  is a 
secondary annular  nozzle  around the  main nozz le  e x i t .  I t  i s  formed by a 
contoured d iverg ing  s e c t i o n  with 48 small converging sec t ions  feeding it a t  
equal ly  spaced i n t e r v a l s .  
about Mach number 20 i n  a s l i g h t l y  underexpanded condi t ion .  The system 
opera tes  a t  r e s e r v o i r  pressures  from 13.6 t o  68 atm (200 t o  1000 ps i a )  and 
t y p i c a l l y  has a mass flow comparable t o  t h a t  o f  t h e  main nozzle .  

The flow from t h e  i n j e c t o r  system is  helium a t  

Tes t  Chamber and D i f f u s e r  

The t e s t  chamber shown schemat ica l ly  i n  f i g u r e  3 is  a cubical  box with 
s i d e s  approximately 3 . 0 4 8  m (10 f t )  long. C i r c u l a r  windows, 30.48 cm (12  i n . )  
i n  diameter,  are loca ted  on each of  t h e  fou r  s i d e s  p a r a l l e l  t o  t he  stream 
a x i s .  The nozz le  and t h e  d i f f u s e r  extend through t h e  wall  of t he  t e s t  chamber, 
with nozzle  f ixed  t o  the  wall  and the  d i f f u s e r  mounted with a s l i d i n g  f i t  s o  
t h a t  t he  a x i a l  l oca t ion  of i t s  entrance can b e  v a r i e d  from 15.24 t o  66 .1  cm 
(6 t o  26 i n . )  from nozz le  e x i t  (see f i g .  3 ) .  

The f a c i l i t y  was i n i t i a l l y  equipped with t h e  converging-diverging type  
d i f f u s e r  i nd ica t ed  by s o l i d  l i n e s  i n  f i g u r e  3. Later t h e  d i f f u s e r  was modi- 
f i e d  by extending t h e  cons tan t  diameter t h r o a t  f o r  an add i t iona l  8 f e e t  
( i nd ica t ed  by dashed l i n e s  i n  f i g .  3) and dumping t h e  flow d i r e c t l y  i n t o  t h e  
1.219 m (4 f t )  diameter  connecting p ipe  wi thout  b e n e f i t  of a divergent  
s ect ion .  

Model Support System 

The model suppor t  ( f i g .  8) i s  a h y d r a u l i c a l l y  opera ted ,  qu ick - inse r t  
mechanism designed f o r  use with sting-mounted models. The system provides  
freedon of  motion i n  t h r e e  d i r e c t i o n s ,  v e r t i c a l  (perpendicular  t o  t h e  tunnel  
a x i s ) ,  l ong i tud ina l  ( p a r a l l e l  t o  t he  tunnel  a x i s ) ,  and r o t a t i o n a l  ( o r  angle- 
of -a t tack  motion). The v e r t i c a l  motion is  generated by a servo-cont ro l led  

4 



hydrau l i c  cy l inde r  capable o f  i n s e r t i n g  a model i n t o  t h e  t e s t  s t ream i n  about 
0 . 7  second. 
c i r c u l a r  mounting r i n g  t o  which t h e  s t r u t  i s  connected. The s t r u t  provides 
a f i x e d  c e n t e r  of  r o t a t i o n  a t  t h e  c e n t e r  o f  t h e  r ing .  This motion i s  a l s o  
generated by a servo-cont ro l led  h y d r a u l i c  cy l inde r .  The long i tud ina l  motion 
of  t h e  system f o r  d i s t ances  up t o  43.2 cm (17 in . )  i s  achieved by use of  an 
a i r -hydrau l i c  cy l inde r .  

Angles of  a t t a c k  from -15O t o  +45O a r e  obta ined  by r o t a t i n g  t h e  

A l l  motions o f  t h e  model support  are remotely c o n t r o l l e d  by a system 
t h a t  provides  f o r  manual con t ro l  of  t h e  long i tud ina l  p o s i t i o n ,  and e i t h e r  
manual o r  automatic con t ro l  of  t h e  v e r t i c a l  p o s i t i o n  and angle  o f  a t t a c k .  
Under automatic con t ro l ,  t h e  system w i l l  p o s i t i o n  t h e  model and provide a 
pu l se  t o  ope ra t e  the  d a t a  record ing  system f o r  25 d i s c r e t e  angles of  a t t a c k .  
Stepping between t h e  var ious  angles of  a t t a c k  may be accomplished a t  e i t h e r  
f i x e d  t i m e  i n t e r v a l s  o r  by a return p u l s e  from t h e  d a t a  record ing  system. 

Data Recording System 

A Beckman 210 High-speed Data Recording System i s  used f o r  d a t a  
acqu i s i t i on .  This system accepts  analog dc vol tage  i n p u t s ,  converts  t hese  
inpu t s  t o  b ina ry  coded decimal d i g i t s ,  and then records t h e  information on a 
1.27 cm (1/2 i n . )  magnetic tape .  The system w i l l  record 100 channels of da t a .  
O f  t hese  channels 90 w i l l  accept  analog inpu t s  as low as 1 mV f u l l  s c a l e  and 
10 r equ i r e  a 5 V i npu t  f o r  f u l l - s c a l e  readout .  An unusual f e a t u r e  of t h e  sys-  
tem is  a l o g i c a l  con t ro l  c i r c u i t  t h a t  analyzes one channel of  d a t a  and can b e  
used t o  delay d a t a  record ing  u n t i l  t h e  time s t a b i l i t y  o f  t h a t  channel i s  
wi th in  p r e s e t  l i m i t s .  

INSTRUMENTATION FOR CALIBRATION TESTS 

This s e c t i o n  conta ins  a desc r ip t ion  o f  t h e  survey rakes and support  
equipment used t o  c a l i b r a t e  t h e  tes t  s t ream. 

P i t o t  - Pressure  Rake 

The p i t o t  survey rake shown i n  f i g u r e  9(a)  had 15 probes,  each with an 
ou t s ide  diameter o f  0.3175 c m  (0.125 i n . )  and an i n s i d e  diameter  of  0.1067 c m  
(0.042 i n . ) .  The probes were loca ted  1.27 cm (0 .5  i n . )  a p a r t  f o r  7.62 cm 
(3  i n . )  on e i t h e r  s i d e  of t h e  rake cen te r  and t h e  two o u t e r  probes were 
loca ted  10.16 cm (4 i n . )  from t h e  c e n t e r l i n e .  (See f i g .  9 ( a ) . )  Pressures  
were measured by s t r a in -gage  t ransducers  c a l i b r a t e d  f o r  t h e  ranges encountered 
i n  these  tests (maximum pres su res  from 0,034 t o  0.068 a t m  (0.5 t o  1.0 p s i a ) ) .  
The t ransducers  were found t o  repea t  readings t o  wi th in  k 1  percent  of  t h e  
measured value.  The tunnel  Mach number was determined from t h e  p i t o t - p r e s s u r e  
measurements, assuming i s e n t r o p i c  flow and us ing  t h e  r ea l -gas  co r rec t ion  t o  
t h e  p re s su re  r a t i o ,  pt,/po, given by re ference  3. This  co r rec t ion  accounts 
f o r  t h e  compress ib i l i t y  effects o f  helium a t  t h e  high r e s e r v o i r  pressures  used 
i n  t h i s  f a c i l i t y .  
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Total-Temperature Rake 

The to ta l - tempera ture  rake cons is ted  o f  5 probes loca t ed  2.54 cm (1 in . )  
a p a r t  as shown i n  f i g u r e  9 ( b ) .  Tr ip le - sh ie lded  probes,  0.635 cm (0.25 i n . )  
i n  diameter ,  were used t o  minimize r a d i a t i o n  l o s s e s .  
ment w a s  a platinum-platinum 10-percent rhodium thermocouple junc t ion .  

The probe sens ing  e l e -  

RESULTS AND DISCUSSION 

E f f e c t  of D i f fuse r  Location on t h e  Flow 

The effect  o f  t h e  d i f f u s e r  en t rance  l o c a t i o n  on t h e  flow was determined 
by surveys made 1.27 cm (0.5 i n . )  downstream of t h e  nozzle  e x i t  wi th  t h e  
d i f f u s e r  a t  var ious  long i tud ina l  p o s i t i o n s  from 15.24 t o  66.1 cm (6 t o  
26 i n . )  from t h e  e x i t .  Comparisons of  t h e s e  surveys revea led  t h a t  t he  loca-  
t i o n  of t h e  d i f f u s e r  had no e f f e c t  on t h e  p i t o t - p r e s s u r e  d i s t r i b u t i o n  a t  t h e  
lower r e s e r v o i r  pressures  (136 atm (2000 p s i )  o r  l e s s ) .  However, as the  
r e s e r v o i r  p re s su re  was increased  f o r  each d i f f u s e r  l o c a t i o n ,  a p re s su re  was 
reached a t  which t h e  tunnel  choked, r e s u l t i n g  i n  a breakdown i n  i s e n t r o p i c  
flow. The p res su re  a t  which choking occurred was found t o  depend on d i f f u s e r  
l oca t ion .  For an open-jet  length of 15.24 cm (6 i n . ) ,  choking occurred a t  a 
r e l a t i v e l y  low p res su re  (about 136 a t m  (2000 p s i a )  f o r  t he  Mach 40 t h r o a t  and 
about 272 atm (4000 p s i a )  f o r  the  Mach 50 t h r o a t ) ;  however, as t h e  d i f f u s e r  
en t rance  was moved downstream, t h e  p re s su re  a t  which choking occurred 
increased  u n t i l  it reached a maximum €or an open j e t  length of about 61 cm 
(24 i n . ) .  With t h e  d i f f u s e r  a t  t h i s  l o c a t i o n  t h e  maximum r e s e r v o i r  p re s su re  
a t  which t h e  tunnel  could be  operated was about 306 atm (4500 p s i a )  f o r  t he  
Mach 40 t h r o a t ,  and about 612 a t m  (9000 p s i a )  f o r  t h e  Mach 50 t h r o a t .  After 
these  p re s su re  l i m i t a t i o n s  were observed, t he  d i f f u s e r  t h r o a t  s e c t i o n  was 
extended as descr ibed  ear l ie r  (see s e c t i o n  on Test  Chamber and D i f f u s e r ) .  I t  
was hoped t h a t  t h i s  modif icat ion would i n c r e a s e  t h e  e f f i c i e n c y  of  t h e  d i f f u s e r  
and thus provide a c a p a b i l i t y  of ope ra t ing  a t  h ighe r  r e s e r v o i r  p re s su res .  
However, tes ts  i n d i c a t e  t h a t  t h i s  modi f ica t ion  d i d  no t  change t h e  tunnel  
opera t ing  c h a r a c t e r i s t i c s .  

Mach 40 Nozzle Throat 

P i to t -p re s su re  surveys- P i to t -p re s su re  p r o f i l e s  f o r  t h e  Mach 40 t h r o a t  
s e c t i o n  a t  a s t a t i o n  1.27 cm (0.5 i n . )  from t h e  nozzle  e x i t  are presented  i n  
f i g u r e  10.  Also shown i n  t h e  r ight-hand s i d e  of  t h i s  f i g u r e  are t h e  cor re-  
sponding Mach numbers f o r  t h e  c e n t r a l  reg ion  of  t h e  tunnel  where t h e  assump- 
t i o n  of i s e n t r o p i c  flow a p p l i e s .  For r e s e r v o i r  p re s su res  above 136 atm 
(2000 p s i a )  t h e  p re s su re  d i s t r i b u t i o n  i n  t h e  tunnel  i s  very e r r a t i c .  This i s  
probably t h e  r e s u l t  o f  an overexpansion o f  t h e  flow and t h e  subsequent 
c rea t ion  a t  ob l ique  shock waves. 

For p re s su res  from 102 t o  136 atm (1500 t o  2000 p s i a )  t h e  core s i z e  and 
Mach number appear t o  b e  near  t h e  design core diameter of 10.16 c m  (4 in . )  
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and Mach number of  40. These p re s su res ,  however, a r e  considerably below t h e  
design opera t ing  p res su re  o f  680 atm (10,000 p s i a ) .  This  d i f f e rence  may b e  
explained by the  d a t a  i n  f i g u r e  11. In t h i s  f i g u r e  experimental  d a t a  from 
reference  4, which repor ted  r e s u l t s  of a d e t a i l e d  s tudy  o f  t h e  nozzle  
boundary l a y e r  i n  t h i s  t unne l ,  are compared wi th  t h e  t h e o r e t i c a l  values  com- 
puted f o r  t h e  nozz le  design.  The experimental  d a t a  were obtained a t  
Po - - 108.8 atm (1600 p s i a )  and t h e  t h e o r e t i c a l  values  computed f o r  a 
po = 680 a t m  (10,000 p s i a ) .  
mental displacement th ickness  is very good as would b e  expected because of  
t he  agreement between experimental  and t h e o r e t i c a l  Mach numbers. However, 
t h e  measured boundary-layer th ickness  i s  much g r e a t e r  than t h e  t h e o r e t i c a l  
th ickness  as might be  expected because o f  t h e  lower p re s su re .  Thus it 
appears t h a t  t he  major de f i c i ency  i n  t h e  t h e o r e t i c a l  computations f o r  t he  
boundary l a y e r  i s  t h a t  they provided too l a r g e  a r a t i o  o f  6 * / 6 .  Conse- 
quent ly ,  t he  design program overcor rec ted  f o r  boundary- l a y e r  th ickness  , 
causing a much g r e a t e r  e f f e c t i v e  area r a t i o  than t h e  design value and a r e l a -  
t i v e l y  poor nozzle  contour a t  t h e  design ope ra t ing  p res su re .  However, it 
appears t h a t  lowering the  ope ra t ing  p res su re  increased  t h e  boundary- l aye r  
th ickness  u n t i l  a t  a r e s e r v o i r  p re s su re  of  about 102 t o  136 a t m  (1500 t o  
2000 p s i a ) ,  t he  increased  th i ckness  compensated f o r  t h e  e r r o r  i n  the  design 
computations. The r e s u l t i n g  nozz le  i s  reasonably we l l  contoured f o r  
opera t ion  a t  Mach number 40 and these  p r e s s u r e s .  

The agreement between t h e  t h e o r e t i c a l  and exper i -  

i 

Addit ional  p r o f i l e s  of  p i t o t  p ressure  a r e  shown i n  f igu res  1 2  and 13  
f o r  r e s e r v o i r  pressures  between 102 and 136 atm (1500 and 2000 ps i a )  a t  12.7 
and 24.1 c m  (5 and 9 .5  i n . )  from the  nozzle  e x i t .  From t h e  d a t a  i n  f igu res  10,  
1 2 ,  and 13, it i s  apparent t h a t  f o r  r e s e r v o i r  pressures  from 102 t o  136 atm 
(1500 t o  2000 p s i a ) ,  t h e  region with a reasonably uniform pressure  d i s t r i b u -  
t i o n  ( i . e . ,  t he  uniform core) i s  about 10.16 cm (4 i n . )  i n  diameter f o r  t h e  
t h r e e  s t a t i o n s  surveyed. Within t h i s  region t h e  p i t o t - p r e s s u r e  v a r i a t i o n s  are 
l e s s  than k 5  percent  g iv ing  Mach number v a r i a t i o n s  o f  l e s s  than k l . 8  percent .  
The parameters t h a t  def ine  the  core Mach number a r e  w a l l  temperature of  t h e  
nozzle  t h r o a t  and r e s e r v o i r  p re s su re .  In f i g u r e  14  t h e  mean core Mach number 
is  p l o t t e d  versus  s t agna t ion  p res su re  f o r  t h r e e  long i tud ina l  s t a t i o n s  a t  
nozzle  temperatures of  622" and 656' K (1120" and 1180" R ) .  From these  p l o t s  
it i s  ev ident  t h a t  no measurable long i tud ina l  Mach number grad ien t  e x i s t s  i n  
t h e  tunnel  s i n c e  t h e  s c a t t e r  of  t h e  da t a  a t  any given s t a t i o n  i s  as grea t  as 
the  d i f f e rences  between t h e  d a t a  obta ined  a t  t h e  var ious  long i tud ina l  loca- 
t i o n s .  A t  p r e s su res  above about 136 atm (2000 p s i a ) ,  t h e  v a r i a t i o n  i n  Mach 
number from run t o  run and t h e  la te ra l  grad ien ts  i n  t h e  tunnel  became much 
l a r g e r  than those ind ica t ed  f o r  t h e  lower p re s su res .  

In  f i g u r e  15 v a r i a t i o n s  i n  t h e  mean core Mach number with nozzle  
temperature are shown f o r  var ious  r e s e r v o i r  p re s su res .  The l i n e s  shown i n  
the  f i g u r e  are s t r a i g h t - l i n e  f a i r i n g s  of  t h e  d a t a .  
r ep resen t  t h e  measurements t o  an accuracy wi th in  t h e  d a t a  s c a t t e r  of 
+1.8 percent  of  t h e  Mach number. The h e a t  t r a n s f e r  causes t h e  nozzle  tempera- 
t u r e  t o  reach nea r  a d i a b a t i c  wall condi t ions  (75 t o  80 pe rcen t  a t  t h e  stagna- 
t i o n  temperature) i n  about 2 minutes and t o  b e  reasonably s t a b l e  a f t e r  t h a t .  
Since run times may b e  as long as 20 minutes,  most o f  t h e  d a t a  are obta ined  

In  genera l ,  t h e  f a i r i n g s  
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with the  nozzle  temperatures nea r  a d i a b a t i c  wall cond i t ions .  For these  
temperatures t h e  test-stream p r o p e r t i e s  f o r  t h e  tunnel  wi th  t h e  Mach 40 
t h r o a t  are summarized i n  t a b l e  1. 

Since the  boundary l a y e r  o f  a tunnel  such as t h i s  i s  p r imar i ly  
hypersonic ,  a d is turbance  a t  t h e  tunnel  wall w i th in  t h e  las t  few feet o f  t h e  
nozzle  e x i t  should have no e f f e c t  on t h e  core  flow o f  t h e  tunnel  tes t  s e c t i o n  
s i n c e  the  e n t i r e  t e s t  core would b e  ahead o f  t h e  Mach l i n e  o r i g i n a t i n g  a t  t h e  
wall wi th in  t h i s  reg ion .  To v e r i f y  t h i s ,  approximately t h e  l a s t  t h i r d  
(132 of 361 c m  (52 of  142 i n . ) )  o f  t h e  d ive rgen t  s e c t i o n  of t he  nozzle  was 
removed and a p i t o t  survey of t he  flow was made. The comparison of  t h e  
pressure  p r o f i l e  of  t h e  core a rea  measured a t  s t a t i o n  1.27 c m  (0 .5  i n . )  with 
and without t h e  end s e c t i o n  of  t he  nozzle  i s  given i n  f i g u r e  16. These d a t a  
were obtained without  t he  boundary-layer i n j e c t o r s  ope ra t ing .  A s  was expected, 
removing the  nozzle  end had no e f f e c t  on t h e  flow c h a r a c t e r i s t i c s  nea r  t h e  
cen te r  of t he  tes t  core b u t  d id  cause an apparent  th ickening  of t he  boundary 
l a y e r  of about 2.54 cm (1 i n . ) .  

Total  temperature surveys- A t y p i c a l  temperature  d i s t r i b u t i o n  f o r  t h e  
Mach 40 nozz le  i s  shown i n  f i g u r e  17. The values  presented  are ac tua l  
measurements with no co r rec t ions  f o r  p o s s i b l e  dens i ty  o r  Mach number e f f e c t s .  
The d a t a  i n d i c a t e  t h a t  t h e  temperature d i s t r i b u t i o n  wi th in  t h e  t e s t  core i s  
nea r ly  cons tan t  a t  about 2 percent  below t h e  r e s e r v o i r  temperature.  The 
v a r i a t i o n s  between t h e  core temperature and t h e  temperature ind ica t ed  i n  t h e  
lower Mach number flow surrounding t h e  t es t  core a r e  about 3 percent .  

Effect of boundary-layer i n j e c t o r s -  No sys t ema t i c  tests have been 
conducted t o  determine t h e  e f f ec t iveness  of  t h e  boundary- l aye r  i n j e c t o r s  b u t  
some information has  been obta ined  from var ious  research  p r o j e c t s  conducted 
i n  the  tunne l .  With sma l l e r  models (3.81 cm (1-1/2 i n . )  diameter o r  l e s s )  t he  
opera t ion  of t he  i n j e c t o r s  makes no d i f f e r e n c e  on t h e  tunnel  flow except a t  
high pressure  t es t  condi t ions .  A t  t hese  t e s t  condi t ions  t h e  mass flow from 
t h e  i n j e c t o r s  i nc reases  the  load on t h e  steam e j e c t o r s  used t o  pump the  flow 
from the  tunnel  and causes the  downstream p res su re  t o  r i s e .  Consequently, t he  
tunnel  chokes a t  a lower r e s e r v o i r  p re s su re .  This i s  n o t  a se r ious  problem 
f o r  t h i s  tunnel  s i n c e  t h e  p re s su re  a t  which choking occurs  i s  s t i l l  above t h e  
p re s su re  where flow d is turbances  a r e  encountered i n  t h e  core  (above 136 a t m  
(2000 p s i a ) ) .  

The boundary-layer i n j e c t o r s  have demonstrated a c a p a b i l i t y  of  
decreasing t h e  effects of model s i z e  on tunnel  f low. For example, i n  t e s t s  
of a 5.08 cm (2 i n . )  diameter Apollo type model and a 15' wedge model, which 
was 17.77 cm (7 i n . )  wide and had a 0.670 cm (0.264 i n . )  diameter c y l i n d r i c a l  
b lun tness ,  t h e  tunnel  would choke without  t h e  boundary- l aye r  i n j e c t o r s  oper- 
a t i n g .  However, when t h e  boundary-layer i n j e c t o r s  were s t a r t e d  before  the  
models were i n s e r t e d  i n t o  the  t e s t  reg ion ,  t h e  tunnel  d i d  not  choke. A s  a 
r e s u l t  of these  observat ions it i s  s t anda rd  procedure t o  opera te  t h e  boundary- 
l a y e r  i n j e c t o r s  a t  a l l  times t o  l i m i t  p o s s i b l e  model i n t e r f e r e n c e  e f f e c t s .  
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Mach 50 Nozzle Throat 

P i to t -p re s su re  p r o f i l e s  wi th  t h e  corresponding Mach number v a r i a t i o n s  
f o r  t h e  nozzle  with t h e  Mach 50 t h r o a t  are shown i n  f i g u r e  18. During t h e  
f irst  run with t h i s  t h r o a t  (run A i n  f i g .  18 ) ,  .the p i t o t  p re s su res  ind ica t ed  
f a i r l y  reasonable  d i s t r i b u t i o n  through the  cen te r  o r  core  region of  t h e  
tunnel .  However, t h e  i n d i c a t e d  Mach number i n  t h i s  region was much g r e a t e r  
than t h e  design va lue ,  probably because of  t h e  e r r o r  i n  t h e  t h e o r e t i c a l  d i s -  
placement th ickness  which r e s u l t e d  i n  an overcor rec t ion  f o r  t h e  boundary- 
l a y e r  th ickness ,  as d iscussed  p rev ious ly  i n  t h e  d iscuss ion  o f  Mach 40 nozzle  
r e s u l t s .  Addit ional  surveys o f  t h e  flow i n  t h e  nozz le  with t h e  Mach 50 
t h r o a t  i nd ica t ed  t h a t  t h e  r e s u l t s  could not  b e  repea ted  from run t o  run. 
This v a r i a t i o n  i s  demonstrated by t h e  p r o f i l e s  f o r  t h e  seventh run with t h i s  
nozzle  t h r o a t  (run B i n  f i g s .  18(b) and 1 8 ( c ) ) .  For t h i s  run t h e  p i t o t -  
p re s su re  d i s t r i b u t i o n  i s  seen t o  b e  very d i f f e r e n t  from t h a t  f o r  t h e  f i r s t  
run. After t h i s  run, it was found t h a t  t h e  t h r o a t  diameter  had changed from 
0.363 t o  about 0.345 cm (143 t o  136 i n . ) .  

This deformation apparent ly  r e s u l t e d  from thermal grad ien ts  i n  the  
nozzle  wal l ,  i n d i c a t i n g  t h a t  prehea t ing  of  t he  nozzle  was no t  as e f f e c t i v e  as 
had been i n i t i a l l y  expected.  Because of conduction and convection l o s s e s ,  
t he  o u t e r  wal l  of the  nozzle  could be  prehea ted  t o  only about 611" K (1100" R) 
a t  which time t h e  i n n e r  s u r f a c e  was about 444OK (800" R ) .  During a t y p i c a l  
run, t he  i n n e r  s u r f a c e  would reach 778" t o  833" K (1400O t o  1500" R ) ,  thus 
r e s u l t i n g  i n  temperature d i f f e rences  of  167" t o  2 2 2 "  K (300" t o  400" R ) .  
These temperature d i f f e rences  caused very high thermal s t r e s s e s  which appar- 
e n t l y  r e s u l t e d  i n  a small amount of  p l a s t i c  deformation i n  t h e  nozzle  t h r o a t  
area. The change i n  t h r o a t  s i z e  cannot d i r e c t l y  account f o r  t h e  changes i n  
Mach number encountered i n  t h e  t e s t s .  However, t h e  deformation of  t he  t h r o a t  
i s  concentrated i n  a very s h o r t  region of t he  nozz le ,  and because of  t h i s ,  
t he  w a l l  s lopes  a r e  s i g n i f i c a n t l y  a f f e c t e d .  These changes i n  wal l  s lopes  
apparent ly  a f f e c t e d  the  r e l a t i v e  contour of  t he  nozzle  t o  t h e  ex ten t  t h a t  
obl ique shocks were induced i n  the  nozzle  which i n  t u r n  produced the  i n d i -  
ca ted  Mach number change. Because of t h i s  deformation problem t h e  Mach 50 
t h r o a t  i s  considered unsu i t ab le  f o r  use without  modi f ica t ion .  

CONCLUSIONS 

Cal ib ra t ion  t e s t s  i n  t h e  A m e s  M-50 helium tunnel  have revea led  the  
fol lowing information : 

1. The Mach 40 t h r o a t  was found t o  provide an i n v i s c i d  tes t  core 
approximately 10.16 cm (4 i n . )  i n  diameter  and 2 5 . 4  c m  (10 i n . )  long i n  which 
t h e  p i t o t - p r e s s u r e  v a r i a t i o n  was less than +5 percent  and t h e  Mach number 
v a r i a t i o n  was less than t l .  8 percent .  

2 .  For t h i s  core t h e  Mach number va r i ed  from 39 t o  48 and depended on 
t h e  r e s e r v o i r  p re s su re  and wall temperature of t he  nozz le  t h r o a t .  

9 

I 



3. A reasonable  s i z e d  uniform core was obta ined  f o r  r e s e r v o i r  pressures  
from 102 t o  136 a t m  (1500 t o  2000 p s i a ) .  

4 .  The boundary-layer co r rec t ions  used i n  t h e  nozz le  design provided a 
r a t i o  of  boundary-layer displacement th ickness  t o  t o t a l  boundary-layer 
th ickness  which was apparent ly  too l a r g e .  Consequently, t h e  ca l cu la t ions  
tend t o  overcompensate f o r  t h e  boundary-layer t h i ckness .  

5 .  Total- temperature  surveys o f  t h e  flow revea led  no s i g n i f i c a n t  
temperature g rad ien t s  wi th in  the  t es t  core .  

A m e s  Research Center  
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffet t  F i e ld ,  Ca l i f . ,  94035, Feb. 9 ,  1970 
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TABLE 1 . -  TEST STREAM PROPERTIES FOR THE M-50 HELIUM 
TUNNEL WITH THE MACH 40 THROAT 

- Res e r v o i  r Conditions 

Pressure  
Temperature 

Stream - Conditions 

P i t o t  p re s su re  
Dynamic p res su re  
S t a t i c  p re s su re  

S t a t i c  temperature 
Density 

Veloc i ty  

Mach number 
Reynolds number 

Tes t  Core 

D i  ame t e r 
Length 
Mach number v a r i a t i o n  
Dynamic- p re s su re  v a r i a t i o n  

Test Time 

102 t o  136 a t m  (1500 t o  2000 p s i a )  
555" t o  1056" K (1000" t o  1900" R) 

0.0408 t o  0.0476 a t m  (0.6 t o  0 .7  p s i a )  
0.0204 t o  0.0272 a t m  (0 .3  t o  0.4 p s i a )  
0.0000136 t o  0.0000204 a t m  

(0.0002 t o  0.0003 p s i a )  
1.334" t o  2.00" K (2.4" 'to 3.6" R) 
3 . 6 7 ~ 1 0 - ~  t o  5 . 6 7 ~ 1 0 - ~  kg/m3 

2440 t o  3350 m/sec 

40 t o  43 
20,000 t o  32,00O/cm 

( 0 . 7 ~ 1 0 - ~  t o  1 . 1 ~ 1 0 - ~  s l u g / f t 3 )  

(8,000 t o  11,000 f t / s e c )  

(50,000 t o  80,00O/in.) 

10.16 cm (4 i n . )  
25.4 cm (10 i n . )  
k1 .8  percent  
k5  percent  

20 min  
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Figure 2.-  The M-50 helium tunnel .  
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Figure 7 .  - Schematic drawing o f  boundary-layer 
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